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Two critical areas of research were addressed successfully by this research. The
first involves NASA ER-2 airborne observations of ClO and BrO radical destruction of
ozone within the arctic vortex. The second involves the analysis of diurnal variations in
ClO, to test the production and loss rates of ClO that constitutes the test for coupling
reactions between the chlorine and nitrogen systems. We discuss results from this
research in order.

estructi ithin the arctic vortex;

In January and February 1989, large abundances of ClO were observed inside the
arctic polar vortex during fourteen flights of the NASA ER-2 aircraft from Stavanger.
Norway (59°N, 6°E) to 80°N latitude. Flights were conducted at altitudes between 14-20
km. when the solar zenith angle was between 79°-101°. Data are reported for three
flights—January 6. January 16, and February 10-—that represent the main teatures
observed during the mission. ClO mixing ratios were typically less than 50 parts per
trillion by volume (pptv) outside the vortex and exceeded 100 pptv inside the vortex for
all flights. ClO mixing ratios were more than 500 pptv for four days in a row in early
February, reaching 1130 pptv on February 10, at an altitude of 19 km (potential
temperature of 450 K). Peak CIO mixing ratios in early February were ~ 100 times larger
than those observed at mid latitudes for all altitudes surveyed between 15-19 km. These
data, comparable to those obtained in the antarctic ozone hole, indicate that the
springtime arctic polar vortex was extensively perturbed by heterogeneous chemistry and

contained enough ClO to catalytically destroy ozone rapidly.






Mixing ratios of BrO also were measured in the arctic lower stratosphere.
Observations during the fourteen flights defined BrO mixing ratios within the arctic
vortex of 42 pptv at a potential temperature of 400 K, rising to 8+2 pptv at 470 K. These
values are twice as large as values found at equivalent potential temperatures at lower
latitudes, and are comparable to the mixing ratios found inside the antarctic polar vortex.
Within the statistical uncertainty of the measurements, no BrO was observed in darkness
at any time, either inside or outside of the vortex, indicating that active bromine was
sequestered in long-lived reservoirs, probably BrONO, and BrCl. These measurements,
in conjunction with measurements of ClO, demonstrate that the interaction of bromine
and chlorine could represent a major sink for ozone in the presence of sunlight.

The nature of the arctic polar stratosphere is observed to be similar in many
respects to that of the antarctic polar stratosphere. where an ozone hole has been
identified. Most of the available chlorine (HCl and CIONO-; was converted by reactions
on polar stratospheric clouds to reactive ClO and Cl,0, throughout the arctic polar vortex
before midwinter. Reactive nitrogen was converted to HNO;, and some, with spatial
inhomogeneity, fell out of the stratosphere. These chemical changes ensured
characteristic ozone losses of 10~15% at altitudes inside the polar vortex where polar
stratospheric clouds had occurred. These local losses can translate into 5-8% losses in the
vertical column abundance of ozone. As the amount of stratospheric chlorine inevitably
increases by 50% over the next two decades, ozone losses recognizable as an “ozone

hole™ may well appear.

o






Diurnal variations of ClO:

The abundances of ClO have been measured in situ in the lower stratosphere

during sunrise and sunset. Measurements were made with an instrument mounted on the

NASA ER-2 aircraft. which was flown at an altitude of 20 km and latitudes between 35°~

47°N during a morning and an evening flight. The abundances of CIO were observed

over a dynamic range of 20 from a detection threshold of ~ 1 pptv. These data confirm

the sunrise variation of the photolysis of chlorine nitrate that is predicted by a zero-

dimensional photochemical model. They also suggest that the absolute photolysis and

termolecular formation of chlorine nitrate occur at rates consistent with nominal CIONO,

and NO, concentrations.
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Abstract. Large abundances of ClO were observed in-
side the arctic polar vortex during 14 flights of the NASA
ER-2 aircraft from Stavanger, Norway (39°N, 6°E) to
80°N latitude. Flights were conducted at altitudes be-
tween 14 and 20 k. when the solar zenith angle was be-
tween 79° and 101°. Data are reporled for three flights,
January 6. January 16, and February 10, that represent
the main features observed during the mission. C1O mix-
ing ratios were tvpically less than 50 parts per trillion by
volume (pptv) outside the vortex and exceeded 100 pptv
inside the vortex for all flights. ClO mixing ratios were
more than 300 pptv for four davs in a row in early Febru-
ary. reaching 1130 pptv on February 10, at an altitude of
19 km (potential temperature of 460 K). Peak ClO mix-
ing ratios in early February were -- 100 times iarger than
those observed at mid-latitudes for all altitudes surveved
between 13 and 19 km. These data. comparabie to those
obtained in the antarctic ozone hoie. indicate that the
springtime arctic polar vortex was extensively perturbed
by heterogeneous chemistry and contained enough ClO
to catalytically destroy ozone rapidly.

Introduction

The dramatic depletion of ozone in the antarctic po-
lar vortex has been shown to result from the presence of
highly elevated abundances of ClO. While no such mas-
sive depletion has been observed in the Arctic, the po-
tential for ozone loss in the arctic vortex needs to be
understood. Substantial amounts of ozone can be lost
by halogen catalysis only if the mixing ratios of ClO re-
main high (> 1000 pptv) for at least two to three weeks.
Thus for the Arctic we must, first, determine if ClO levels
are elevated and. in addition, if BrO is present: second,
quantify the rates of ozone loss using the observed levels
of ClO and BrO; and. finally, see if the conditions in the
Arctic are similar to those observed in the Antarctic. In
the absence of observed ozone loss, elevated abundances
of C1O are the strongest signature of potential ozone de-
pletion.

We discuss here in situ measurements of ClO made
as part of the Airborne Arctic Stratospheric Experiment
(AASE) during January and February, 1989. Measure-
ments of BrO are described in a companion letter [Toohey
et al.. 1990]. The instrument was mounted on the NASA
ER-2 high-altitude aircraft, which was flown from Sta-
vanger, Norway, toward the arctic polar vortex on 14
flights. Observations from three of those flight- are de-
scribed. Unlike measurements in the Antarctic in 1987,
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which were all made when air in the vortex was sun-
lit, those in the Arctic were often made when the sun
was below the horizon. The observed ClO abundances
depend on the position of the vortex, the solar zenith
angle {SZA), and the history of temperatures and sun-
light along the trajectory of the air masses. We will use
these three flights to illustrate the main features «f CIO
formation and evolution during the six-week mission.

Experiment

The hasic goals of the AASE mission were to determine
if the wintertime arctic stratosphere is perturbed. as is
the antarctic stratosphere, and to learn more about the
perturbing mechanisms. The AASE mission consisted
of 14 flights from Stavanger. Norway. toward the arctic
polar vortex. and four transit flights. two each direction.
petween Moffett Field. California. and Stavanger. The 14
flights from Stavanger were conducted on the following
dates: January 3, 6, 7, 12. 16. 19. 20, 24. 25. 30. and
February 7, 8, 9, and 10. The transit flights were flown
on December 29 and 31, and. for the return, on February
20 and 21. Data are reported in this letter for the flights
on January 6 and 16, and February 10.

The Harvard University ClO-BrO instrument was
mounted in a pod under the left wing of the NASA ER-2,
and was part of the 15-instrument comnplement. Fairly de-
tailed discussions of this instrument have been presented
[Brune et al., 1989], and a brief summary is prese.  -d
here. ClO and BrO are detected simultaneously as the
free air stream is decelerated from 200 m sec™! to 20 m
sec”! and passe- in a laminar stream through the instru-
ment. ClO is not detected directly, but rather is chemi-
cally converted to Cl atowus by a reaction with reagent NO
that is added near the inlet to the measurement flow tube.
These chlorine atoms are then detected by resonance flu-
orescence {Brune et al., 1989]. The ClIO concentration is
proportional to the difference between the signal when
NO is added to the flow and the signal when it is not.
Nitric oxide is added during a 32-s cycle, and ClO lev-
els of 2 pptv can be detected at a signal-to-noise ratio of
two for each of these cycles. The absolute calibration is
estimated to be £25% at the 20 confidence level. ClO
abundances in this paper reflect the most recent under-
standing of our calibrations. ClO data reported by other
investigators involved in the AASE mission have typically
not been updated, and may be 10-35% different.

The ER-2 was usually flown on isentropic surfaces be-
tween 420 and 500 K to and from the arctic vortex, which
was most often located north of Stavanger (59°N, 6°E).
A rapid descent to ~ 380 K followed by a rapid ascent to
often another constant potential temperature surface was
included on the return leg, usually just south of the solar
terminator. This pattern was not the only one used, but
it was used for all the flights described here.
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Results

January 6, 1989, The first flight to penetrate the arc-
tic polar vortex occurred ofi ‘January 6, 1989. The ER-2
was flown up the NérWrtgia‘rl coast, over the sea to (74°N,
21°E), and back again. Contained in Figures la-c are the
SZ A, the potential temperature at the aircraft (denoted
as theta), and the observed ClO abundance. At a poten-
tial temperature of ~ 470 K, ClO mixing ratios were less
than 30 pptv, even for SZAs less than 90°. As the air-
craft penetrated the wall of the vortex, at ~ 70°N for this
flight, the C1O abundance rose rapidly to more than 250
pptv. The SZA for maximum ClO was 92.5°, which was
also the SZA at which the sun was 2° above the horizon
at 20 km altitude. Most of the elevated values of C1O
were observed in the dark and decreased as the aircraft
flew further into polar night. Shortly after the aircraft
was turned south, the pilot executed a dive to the 390 K
surface at 15 km altitude, and then rose to a constant 410
K surface [or the remairder of the flight. ClO changed a
factor of six between the 460 and 390 K surfaces inside
the vortex, and fell off to values of ~ 10 pptv just outside
the vortex. The slow rise in C10 for the remainder of the
flight, outside the vortex, agrees with the change in C1O
expected from the exchange of chlorine between ClO and
CIONO; reservoirs [Brune et al., 1990].

We can draw three conclusions from these observations.
First, the air inside the vortex, even in early January,
had already been perturbed, presumably by a sequ- ce
of PSC activity followed by sunlight to create these large
levels of C10. Second, the amount of NO; inside the vor-
tex was substantially less than that of C10. Otherwise, at
these high SZAs, ClO would combine with NO; to form
CIONOQ; in less than an hour. Such low values of NO;
are confirmed by the measurements of NO 'Fahey et al..
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Fig. 1. Observed ClO mixing ratios plotted against

Universal Time for January 6. 1989. Solar zenith an-
gle {degrees), potential temperature (K). and Cl1O0 mix-
ing ratio (pptv) are plotted in Figures ta. b, and lec.
respectively.

1990]. And third, the total amount of chlorine converted
from HC! and CIONQ; into more reactive chlorine was
more than the 250 pptv of ClO observed at the vortex
edge, since, at these SZAs, much of the reactive chlorine
would be in the form of the CIO dimer, Cl,0;.

January 16, 1989. The sharp rise in the ClOQ n-«ing
ratio at the edge of the vortex followed by a slow decrease
north of the terminator is more evident on January 16,
when the flight path extended to 78°N, over Spitzbergen
Island. The SZA, potential temperature, and observed
C10 mixing ratios are shown in Figures 2a-¢, respectively.
The SZA varied from 90° to 100°, and the potential tem-
perature was a constant 445 K until the dive to the 380
K surface at 12:45 UT. The peak ClO mixing ratio was
175 pptv at a SZA of 93° and a potential temperature of
445 K, entirely consistent with the value observed during
the January 6 flight at the same potential temperature.
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Fig. 2. Observed ClO mixing ratios plotted against
Universal Time for January 16, 1989. Individual gravhs
are as in Figure 1.

ClO dropped by a factor of four between the 445 and 380
K surfaces inside the vortex, from 175 to 45 pptv. but
recovered to 160 pptv at the 400 K surface an hour later.
This asymmetry in the “:lg dish” profile for C10 has two
causes. First, the time constants for exchange of chiorine
between ClO and the other chlorine reservoirs are almost
a day. Second, the total exposure of the air to sunlight
increases during the day at a given latitude. So. for the
same SZA, ClO will be greater in the afternoon, when
more of it has been shifted from its nighttime reservoirs
into ClO, than in the morning.

A striking feature of the ClO profile is that substan-
ttal C1O, 80 pptv. was observed even when the S7.\ was
100°. Trajectory analyses from the I'. K. Metecrniowical
Office show that the air sampled at the highest latitudes
could not have been exposed to sunlight at a SZA of less
than 96° for the previous 40 hours {R. L. Jones. private
communication). This observation of C10 in che dark s
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even stronger proof than the results of January 6 that.
inside the vortex. NO, was very low and that ClO was
being exchanged with the ClO dimer. And. since this air
mass had remained at High SZAs for almost two davs.
the C1O could ekist in gbservable amounts only if it was
in thermal equilibrium with the dimer.

The amount of dimer {Cl,03) in thermal equilibrium
with the observed ClO can be determined if the tempera-
ture of the air parcel is known. However, the temnperature
at the tinie of observation may not be the a; propriate one
if the air parcel had experienced temperature variations
during the previous day. because the time for ClO and
the dimer to establish thermal equilibrium after a tem-
perature change is ~ 20 hours. By using a2 photochernical
model that is moved along the trajeciory, we can find the
temperature that was experienced by the air parcel prior
to our observation, and for which the dimer and observed
ClO concentrations were effectively in thermal equilib-
rium. The effective equilibrium temperature so deter-
mined is 189.7 K. which is 0.6 K lower than the observed
temperature obtained at the ER-2 simultanecusly with
the ClO observation. The ClO dimer mixing ratio implied
from the ClO concentration {1.6 x 10® molecules cm™?)
and the equilibrium constant of Cox and Hayman [1988]
15 910 pptv. Thus, the total chlorinein ClO and the dimer
is 1900 pptv. An error of 1 K in the derived temperature
would alter this value by 100 pptv.

ClO was observed inside the vortex at SZAs exceed-
ing 94.5° on eight other flights. and the total chlorine
ir. C10 and the dimer derived f{rom the observed levels
of C1O and temperatures exceeded 1100 pptv for all of
them. While the temperature histories along the trajec-
tories and the photolysis rates for the C1O dimer at high
SZAs must be known to derive more exact numbers. the
consistentir high values for ClO and the dimer indicate
either that much of the inorganic chlorine was shifted
into C10 and the dimer as early as January 6. or that. in
fact, the mixing ratios for the dimer were lower, and thus
the equilibrium constant is lower than that determined
by Cox and Hayman [1988. If chlorine was converted
to ClO and the dimer in early winter, then ozone loss
could occur earlier than currently thought, If the equi-
librium constant is lower, perhaps by a factor of two. then
more Cl, O, would thermally dissociate, and less would be
photolyzed than is currently calculated for arctic strato-
spheric temperatures. As a result, less ozone would be
destroved by the dimer mechanism in the early spring.
We are conducting studies to see if the dimer was de-
tected in our instrument during some thermal diagnostic
tests that were periodically performed during flight, and
if absolute Cl; O, values can be determined.

In late January, temperatures were low enough for the
formation of water ice PSCs (Type II), and these PSCs
were pervasive over Scandinavia and Siberia (R. L. Jones,
private communication). The peak C1O mixing ratios for
the final five flights, January 30 and February 7,8, 9, and
10, all exceeded 500 pptv. These observations were made
inside the vortex with the SZA less than 90°. The first
four of these flights were to Spitzbergen Island at 78N
and back. ClO has the same features on these four flights
that it did on January 16: a sharp rise at the vortex edge,
evening values higher than morning values for the same
SZA. and a decrease toward the northern latitudes and
higher SZAs. The ClO mixing ratios outside the vortex
edge are typically less than 50 pptv. but show some “apid
increases to more than 100 pptv for short intervals. These
small features may represent vortex air that was spun off
of the vortex, and had not yet mixed with the surrounding
air that was advected from mid-latitudes. The elevated
levels of ClO on the last four consecutive days confirm
that the vortex was extensively perturbed by the second
week in February.
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February 10, 1989. All previous flichts had been flown
to the north of Stavanger. toward polar night. However,
in early February. the vortex was becoming distorted and.,
by February 10. was actually closer to Stavanger in the
west-northwest direction than to the north. The flight
trajectory on February 10 was across lceland to Green-
land. up the coast of Greenland. and returned by the
same path. Thus the northernmost latitude sampled was
72°N. but the vortex was encountered for roughly half
the flight. The vortex edge, defined by elevated ClO,
was crossed as the aircraft passed over Iceland. The ob-
served vortex air was illuminated during the entire flight,
since the SZA was always less than 89°. Under sunlit
conditions, the conversion of reservoir chlorine to radical
chlorine could be better determined, since more chlorine
would be in ClO and less in the nighttime reservoirs, par-
ticularly the C10 dimer.

The observed abundances of ClO are greater than 1100
pptv on the 470 K potential temperature surface, well in-
side the vortex, as shown in Figure 3. The sharp bou..d-
ary at the vortex edge still persisis, and the profile shows
both vertical and horizonta! structure. This profile for
ClO looks very similar to those obtained over Antarc-
tica during the Airborne Antarctic Ozone Experimeat in
August and September, 1987, which were obtained with
similar flight aliitude profiles [Brune et al., 1989}. For
ClO levels to be this elevated, about one half of the total
inorganic chlorine must have been in the form of ClO.
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Fig. 3. Observed CIO mixing ratios plotted against
Universal Time for February 10, 1989. Individual graphs
are as in Figure 1.

The vertica! distribution of ClO, taken during the dive
inside the vortex on February 10, is shown in Figure 4 In
addition, vertical distributions are shown for the fights
of August 28, 1987, and February 13 and 19, 1988 The
profile from August 28 was measured inside the antarctic
polar vortex at 71°S. The profile from Februar. 14 was
obtained over Moflett Field, California, and is represen-

tative of mid-latitude profiles for that time of vear The
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Fig. 4. Cl1O mixing ratio versus potential temperature for
four flights. Data are shown for February 10, 1989, 70°N,
inside the vortex (open squares); February 13, 1988,
61°N, outside the vortex (solid squares); February 19,
1988, 35°N, a typical mid-latitude profile (open circles);
and an Antarctic flight on August 23, 1987, 72°S, inside
the vortex (triangles).

profile from February 13 was obtained at 61°N, in a re-
gion slightly outside the arctic vortex. (The ClO levels
for February 13 are ~ 30% larger than reported in Brune
et al. [1988] because of an improved calibration.)

We draw four conclusions from these profiles. First,
the ClO mixing ratios inside the arctic polar vortex are
~ 100 times larger than the mid-latitude abundances at
all altitudes. Second. the ClO mixing ratios observed
in the arciic vortex above a potential temperature of
400 K are comparable to those ebserved in the antarc-
tic vortex. Thus. for chlorine. the arctic polar vortex
appears to be as perturbed in 1989 as +he antarctic vor-
tex was in 1987. Third, the Cl1O mixing ratio decreases
more rapidly at lower potential temperatures in the arctic
than in the antarctic. These differences reflect the gener-
ally higher altitude of formation of PSCs in the northern
hemisphere McCormick et al., 1988]. Finally, the ob-
served ClO mixing ratios for Februa - 13, 1988, which
are more than 80 pptv, were produced by heterogeneous
chemistry on PSCs in the arctic polar vortex, and did
not result from wintertime, high latitude gas-phase pho-
tochemistry | Brune et al., 1988]. The ClO mixing ratios
observed outside the polar vortex during the AASE mis-
sion, which were typically less than 50 pptv, indicate how
much ClO that gas-phase chemistry alone can produce.

Summary

The ClO mixing ratios exceeding 1000 pptv and the
sharp edges in the elevated ClO distributions are strong
evidence that heterogeneous processes have altered the
partitioning of species in the chlorine and odd-nitrogen
chemical families. The sequencing of heterogeneous con-
version followed by exposure to sunlight was capable in
early 1989 of perturbing a large portion of the arctic po-
lar vortex, extending from above the ER-2 flight altitudes
down to 15 km. Evidence of heterogeneous processes was
found on the first flight that penetrated the vortex, Jan-
uary 6. and on all subsequent flights that sampled vortex
air. The arctic vortex was extensively perturbed, both
horizontally and vertically. Such large abundances of

ClO in concert with BrO, HO,, and O, are capable of
depleting ozone at rates comparable to those observed
over Antarctica, ~ 1% per day [see, for example, An-
derson et al., 1989|, and some small loss of ozone must
certainly have occurred.
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THE SUNRISE AND SUNSET VARIATION OF CIO IN THE LOWER STRATOSPHERE
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Abstract. The abundances of ClO have been mea-
sured, in situ. in the lower stratosphere during sunrise
and sunset. Measurements were made with an instru-
ment mounted on the NASA ER-2 aircraft, which was
flown at an altitude of 20 km and latitudes between 37°N
and 47°N during a morning and an evening flight. The
abundaiices of ClO were observed over a dynamic range
of 20 from a detection threshold of ~ 1 part per trillion
volume {pptv). These data confirm the sunrise varia-
tion of the photolysis of chlorine nitrate that is predicted
by a zero-diniensional photochemical model. They also
suggest that the absolute photolysis and termolecular for-
mation of chlorine nitrate occur at rates consistent with
nominal CIONQO, and NO; concentrations.

Introduction

Stratospheric chlorine, with an abundance of ~ 3 parts
per billion volume {ppbv), causes 15-40% of the catalytic
destruction of ozone above 35 km WAO, 1986". In the
lower stratosphere below 25 km. chlorine is held in check
by the more abundant (3-15 ppbv) odd-nitrogen chemical
familv. primarily by the termolecular reaction between
C1O and NO, that forms chlorine nitrate, CIONO,. If
the level of inorganic chlorine approaches that of odd-
nitrogen, as it may in the future and does in the polar
regions in winter, then the control is removed because
ClO can “titrate” nitrogen oxides from the atmosphere.
Ozone can then be depleted at an ever increasing rate for
a given incremental addition of chlorine. A key photo-
chemical link for our understanding about the behavior
of chlorine in the atmosphere is one that connects chlorine
1o odd-nitrogen.

A measurement of the diurnal variation of the ClO
abundance in the lower stratosphere provides an excel-
lent test of the coupling between the chlorine an nitro-
gen chemical families. In the lower stratosphere, the in-
teraction betweeu the two chemical families involves the
formation and photolytic destruction of chlorine nitrate,
CIONQO;. The formation of CIONO; occurs by the ter-
molecular reaction coupling ClO and NO,:

ClO + NO; + M — CIONO; + A (1)

The destruction of CIONO; involves photalysis at ultra-
violet wavelengths, mainly producing C! atoms:

CIONO; + hv — Cl1 + NO;, (2)
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which is followed by the rapid reaction:
Cl+0; - ClO + O, (3)

that regenerates ClQ. The NO; abundance is only slightly
affected by exchange between CIONO,; and NO;, but the
ClO abundance varies dramatically. At night, with no
photolysis, the abundance of ClO is very small, and the
inorganic Cl is partitioned between HCI and CIONO,,
with a small amount in HOC!L. Thus, at sunrise the abun-
dance of ClO increases from virtually nothing to its peak
value near midday, and then decays with a one-hour time
constant at sunset.

Chlorine is being exchanged with other reservoirs as
well. Cl atoms are exchanged with ClO in minutes to
seconds, and the abundance of Cl atoms is at most a few
percent of the abundance of C10. HC1 is exchanged with
ClO over days and weeks, and so is virtually constant
over a diurnal cvcle. HOCL like CIONO,, is coupled to
ClO with time constants of ~ 1 hour. but in the lower
stratosphere its maximum abundance is less than that
of ClO and the exchange is small compared to that of
CIONQ,. To first order then, the variation of ClO is

given by the rate expression:

dICI0}/dt = Jo|[CIONO,] - k[ M][NO4[CIO}  (4)

The meas:. ement of the abundance of ClO during sunrize
and sunset prescuts a unique opportunity to study the
interactions between the chlorine and nitrogen chemical
families that are relatively free from the interferences of
other interactions.

The diurnal variation of C1O, primarily above 30 km,
has been observed before in total cclumn measurements
of millimeter-wave emission {Solomon et al., 1984: Waters
et al., 1981; Froidevaux et ai., 1985; Waters et al., 1938 .
For these observations, the total column is affected not
only by the interchange between the Cl0 and CIONO;
reservoirs but also by the interchange between ClO and
HOC! in the middie to upper stratosphere as well. The
ground-based [Solomon et al., 1984] and early balloon-
borne {Waters et al., 1981; Froidevaux, 1985] millimeter-
wave column measurements are in fair agreement with the
results of computer simulations, but tend to have a slower
morning rise than predicted [Ko and Sze, 1984; Froide-
vaux et al., 1985]. The cause of this difference is not un-
derstood, but it cannot be explained by the uncertainties
stated for the rate constants and photolysis cross sec-
tions |Froidevaux, 1985]. However, balloon-borne mea-
surments of C!O made in 1985 and 1986 [Waters et al..
1988] do not clearly support the earlier observations of
the slow morning rise.

We report here observations of the variations of the
abundances of Cl1O in the midlatitude lower stratosphere
during sunrise and sunset. In situ measurements were
made with an instrurmient mounted on the NASA ER-2
high altitude aircraft which was flown in the lower strato-
sphere at 20 km altitude. The measured ClO abundances
are compared to results from a computer mode! simula-
tion.
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Experiment

The NASA ER-? aigcraft, flown from its base in Moffett
Field. California. had an instriment complement that in-
cluded the Harvard University ClO-BrQ instrument, the
Ames Research Center ozone photometer, and the nav-
igational aides that are a normal part of aircraft opera-
tion. The ClO-BrO and ozone instruments have been de-
scribed elsewhere [Brune et al., 1989; Brune et al., 1988,
Starr and Vedder. 1989}, although the ClO-BrO instru-
ment is described briefly here as well. The ClO-BrO in-
strument. mounted in the left wing pod of the aircraft,
allowed the detection of ClO in a laminar airstream that
was decelerated from 200 meters s~' to 20 meters s~'.
The ClO abundances were mea .ured when reagent nitric
oxide (NO), added to the ambient airstream, converted
the molecules to their respective halogen atoms. The Cl
atoms were then detected by resonance fluorescence. The
difference between the signals when NO was ad- d and
when it was not is proportional to the ClO concer-ration.
The accuracy of the laboratory calibration is £25%, and
a ClO mixing ratio of 2.5 pptv could be detected at 20
km altitude with a signal-to-noise ratio of two in a 32 s
period.

The sunrise and sunset flights were made on two sep-
arate days, February 12 and 16, 1988, respectively. Each
flight was four to five hours long, and spanned times when
the solar zenith angle was between 60° and 110°. The
flight altitude was chosen to be a constant altitude near
20 km. and this condition was maintained for both flights
to within 0.1 km. except for an hour at low solar zenith
angles during the both flights. The flight paths were cho-
sen to sample air masses with similar trajectories while
avoiding the possibility of sampling air contaminated by
the aircraft exhaust. The winds at 50 and 70 mb pressure
levels. by the NMC analvsis, were from the northwest at
speeds of 10-40 knots for both days. The flight paths were
set at slight angles to the wind direction. For the sunrise
flight, the trajectory was along the 122° longitude, from a
latitude of 37°N to 49°N. For the sunset flight on Febru-
ary 16, the trajectory was along a line running roughly
from 35°N, 119°W to 45°N, 125°W . The air temperature
was approximately 215 K for both flights, and few clouds
were below the aircraft on either flight.

Results

The measured abundances of Cl0O are shown as a func-
tion of Universal Time (UT) for the sunrise and sunset
flights in Figures 1 and 2, respectively. Each 32 s cycle
constitutes a measurement of ClO, and nine of these are
averaged to produce each data point. The resulting typ-
ical 1o statistical uncertainties are approximately +0.7
pptv. Despite some variability associated with sampling
of different air masses, the data points define guite well
the rise of ClO at sunrise and the fall of ClO at sunset.

Some of the variability of the data can be removed by
considering tracers of atmospheric motion, such as ozone.
This adjustment is particularly important for the sunrise
data taken from 17.0-17.5 hours UT. when the aircraft
was diverted to 21 km, and the ClO abundance doubled
due toits substantial altitude gradient in the lower strato-
sphere {Brune et al., 1988]. These data can be corrected
by considering the variability in ozone, the variation of
ClO with ozone near midday, and the ohserved ClO abun-
dance at that time. The variation of ClO with ozone at
the lowest solar zenith angles is fitted to a straight line
with a slope and an intercept. The expression for making
the correction becomes:

[C10]c = [ClOlabs x ([ClO]avg /IC10]('0310s))  (5)
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Fig. 1. The sunrise variation of the ClO mixing ratio
with respect to Universal Time. The observations are
indicated by +, and the data corrected for a change in
altitude by ~.
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Fig. 2. The sunset variation of the ClO mixing ratio with
respect to Universal Time.

where iClO], is the corrected abundance, [ClOl,, is the
observed abundance, [ClOl,., is the calculated [ClO] at
high solar zenith angles for an average abundance of
ozone, and [ClO](|03]obs) is the value for [ClO]| deter-
mined from the straight line fit to the C10O-0; data and
the observed value oFozone, In effect, we are correcting
ClO abundances to thosc we expect in the average air
mass defined by ozone. The agreement between the cor-
rected and uncorrected points at 17.5 hours UT validates
this correction process.
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For most other sections of the sunrise flight, and for all
of the sunset flight, the differences between the corrected
ClO abundances and the observed CIO abundances was
less than 15%. Between 16.5 and 17.0 hours UT. dur-
ing the sunrise flight, the ClO abundances appear to be
too low. The values obtained with equation (5) would be
~ 35% higher. because ozone was much lower than aver-
age during this time. However, the correction precedure
used for ClO is really only valid for variations induced
by changes in altitude. and not for variations induced by
changes in ozone at a constant altitude; so the correction
was applied only between 17.0 and 17.5 hours UT during
sunrise. We note that the observed sunrise variation of
ClO does not depend on the corrected data, since data
before and after the altitude change give the same shape
to the ClO rise.

These observations are compared to the results of a
zero-dimensional mode] from the Naval Research Labo-
ratory [Anderson and Lloyd, 1989}, which uses the pa-
ramrters listed in Table 1. The values for the rate con-
sta: -~ and absorption cross sections are all taken from
the JPL evaluation (87-41) [DeMore et al., 1988, This
model is designed to accurately calculate the photochem-
ical photolysis rates (J-values) at twilight for solar zenith
angles as large as 95°. The longitudes and latitudes cho-
sen for the model correspoud to the average positions
of the aircraft. The slight difference between observed
and modeled solar zenith angle (< 2°) has an effect on
the comparison between the data and the model if varia-
tions of ClO are plotted against local time. However. the
choice of the average position for the model calculations
is not important if the data 21d model results are plotted
against solar zenith angle. We have calculated the varia-
tion of C1O with solar zenith angle for the latitudec 35°N
and 47°N. and find that it is not significantly different
from the variation calculated at the average positions.

The abundances of NO, and CIONQO, should be mea-
sured simultaneously with ClO if we are to critically test
the exchange between ClO and CIONO; and thus quan-
tifv the coupling between chlorine and the oxides of ni-
trogen. Without measurements of NO, and CIONO;,

Table 1. Flight and Model Parameters

t

Averaged Parameter Sunrise

(1.94 + .05) x 10'®

density {molecules crn™?)

temperature (K) 215+ 3
altitude (km) 19.9 + .1
potential temperature (K) 483 + 4
ozone (ppmv}) 21+4+.2
latitude 45°N (39°N)
longitude 122°W
ozone column density (D.U.) 280 (325)
model |NOa| (pptv) 380
model [CIONO;: (pptv) 250 (230)
ky[AM} (em® molecule™! 571) 9.0 x 10713
Jy (s77) @ 907 9.06 x 10-°
Jz2 (s71) @ 85° 2.9 %1073
J2 (s71) @ 80° 36x107°

Hif sunset data are different from sunrise data, thev
are shown in parentheses.

we can only determine consistency between modeled and
observed C10. using reasonable abundances for the other
crucial species. Since this eflort is the first attempt to
measure the diurnal variation of ClO in situ, the consis-
tency acts as a check on the gross features of the sunrise
and sunset variability. The model values for CIONO,
{0.25 ppbv) and NO, (0.50 ppbv. at sunset and a solar
zenith angle of 91.5°) are similar to those observed by
the ATMOS experiment {Russell et al., 1988}, which at
19.5 km were measured to be 0.3+ 0.3 ppbv and 0.6 0.1
ppbv, respectively. Using the model parameters in Table
1. we are able to achieve agreement with the observations
shown in Figures 3 and 4, in which the ClO concentration
ic plotted as a function of solar zenith angle at sunrise
and sunset, respectively. With these reasonable values
for CIONO, and NO,, the agreement between observed
and modeled ClO is good for both sunrise and sunset.
The most striking difference between the previously
observed columnn measurements of ClO and the results
of photochemical models was that ClO appeared to rise
more slowly in the morning than predicted by photochem-
ical models. We cannot address this issue specifically be-
cause the column measurements pertain to ClO mainly
above 30 km, whereas our observations are at 20 km.
However, our data test the rise in ClO at 20 km with-
out substantial uncertainty from the unmeasured abun-
dances of CIONQO; and NOj; for two reasons. In the pro-
duction term for ClO in equation (4), the abundance of
ClONOQj; is effectively constant. Also, in the destruction
term the abundance of NO, undergoes its most rapid di-
urnal change before C10 does. since the photolysis of NO;
begins earlier and is 1000 times greater than the photoi-
vsis of CIONQ;,. When the solar zenith angle is between
90° and 75°. the variation in NQ, is less than 30%. The
only remaining variables are C10 and the photolyvsis rate
of CIONO;. While the photochemical system is simple,
the calculation of the photolysis rate, or J-value, remains
complex for large solar zenith angles near 90°. Multiple
scattering and the sphericity of Earth become important
in determining the correct value [Anderson, 1983; An-
derson and Llovd, 1989]. We see in Figure 3 that the
growth in ClO predicted by the model matches that ob-
served as ClO chauges by over a factor of 20. Thus the
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Fig. 3. Comparison of the observed and modeled sun-

rise variation of the ClO concentration. Observations are
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Fig. 4. Comparison of the observed and modeled sunset
variation of the ClO concentration. Error bars are =1¢.

observed variation of ClO verifies the moael caiculations.
and unlike previous measurements. no apparent discrep-
ancy exists.

At sunset. the most rapid change ir the ClO levels
occurs at solar zenith angles between 907 and 100-. unlike
the change at sunrise that occurs between 80" and 90°.
This asymmmetry reflects the chemical formation time
of CIONO,, which is tvpically 1 hour near 20 km in the
lower stratosphere. In fact, when the solar zenith angle
is greater than 92°, the production of C1O from CIONO,
photolysis is very small, and the rate equation for CIO
becomes:

d(In[CI0})/dt = —k,;AI/INOy: (6)

If we make the reasonable assumption that the reaction
rate constant for the formation of CIONQ, is correct, we
can derive the average abundance of NO; near sunset,
at solar zenith angles exceeding 92°. Nitric oxide is fully
converted to NO; at solar zenith angles < 92°. so NO;
is nearly invariant with solar zenith angle during the pe-
riod of ClO decay. The observed change in the natural
logarithm of ClO with solar zenith angle is given in Fig-
ure 4. With these data, we determine by a linear least
squares fit that the time rate of change of the ClO abun-
dance implies an NO; abundance of ~ 390 pptv at a solar
zenith angle of 92°. The model, which has 500 pptv of
NO, at sunset, vields ClO concentrations as a function
of solar zenith angle. shown in Figure 4 superimposed on
the observations. Observed decay rates of ClO cannot be
distinguished from the calculated rates.

In summary, the solar zenith angle dependence of the
photolysis rate of CIONQ, has been confirmed by the
sunrise observations. Further, the observed formation
and decay rates for ClO are consistent with results from
the NRL model that is initialized with acceptable abun-
dances of NO; and CIONO;. Nevertheless. the unequivo-
cal identification of the mechanism coupling <hlorine with
the oxides of nitrogen in the lower stratosphere is so fun-
damental to predictions of secular trends in ozone column
resulting from increasing levels of chlorine that simulta-
neous, in situ measurements of ClO, NO,, CIONQO; and
the radiation field are essential.
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IN SITU MEASUREMENTS OF BrO IN THE ARCTIC STRATOSPHERE
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Abstract. Mixing ratios of BrO have been measured in
the arctic lower stratosphere with an instrument mounted
on the NASA ER-2 aircraft. Observations from fourteen
flights above the Arctic Circle in January and February
of 1989 defined mixing ratios within the vortex of 422
parts per trillion by volume (pptv) at a potential tem-
perature of 400 K. rising to 82 pptv at 470 K. These
values are twice as large as values found at equivalent
potential temperatures at lower latitudes, and are com-
parable to the mixing ratios found inside the antarctic
polar vortex. Within the statistical uncertainty of the
measurements. no BrO was observed in darkness at any
time either inside or outside of the vortex, indicating that
active bromine was sequesiered in long-lived reservoirs,
probably B:ONO, and BrCl. These measurements, in
conjunction with measurements of C1O. demonstrate that
the interaction of bromine and chlorine could represent a
major sink for ozone in the presence of sunlight.

Introduction

The suggestion that bromine compounds released at
the earth's surface could de stroy ozone in the stratosphere
was first made in 1975 {Wofsy et al,, 1975]. During the
following decade, while research efforts focussed on quan-
tifving the effects on ozone of chlorine atoms relcased
by photolysis of chlorofluorocarbons in the stratosphere,
bromine largely remained ignored. Only recently, after
massive seasonal losses of ozone over Antarctica were re-
ported, has this disparity been reduced. A renewed inter-
est in bromine chemistry was initiated in part by the sug-
gestion [McEiroy et al., 1986] that bromine oxide (BrO)
in the presence of enhanced concentrations of chlorine ox-
ide (C1O) within the antarctic polar vortex could lead to
substantial losses of ozone through the catalytic cycle

(1a)
()
(3)

ClO = BrO — Cl + Br + O,
Br + Q3 — BrO + O,
_Cl+03»ClO+0; _
net: 0; + 03 — 30;.

In contrast with the knowledge of chlorine chemistry
obtained from fifteen vears of in-situ and laboratory stud-
ies {WMO Report 16, 1986, analogous processes imvolv-
ing bromine remain poorly understood. Although the
reactivities of related bromine and chlorine species are
often similar. there are some important differences. Con-
sequently, BrQ represents a large fraction of the total
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inorganic bromine budget Yung et al., 1980,, which is
estimated to be less than 15 pptv |Brune and Ander-
son, 1986]. Yet these concentrations of BrO are small
and pose a serious challenge to both ground-based and
in-situ instruments.

The presence of BrO in the antarctic vortex was in-
ferred from ground-based spectroscopic observations of
OCIO from McMurdo Station in 1986 {Solomon et al.,
1987]. OCIO, formed in the atmosphere prim. rily by the
reaction

Cl1O ~ BrO —» OCIO + B, (1b)

was observed during twilight and in total darkness. The
observed slant-column depths were consistent with en-
hanced abundances of C1O and the upper limit of 15 pptv
of BrO established by midlatitude balloon measurements.

The first successful in-situ measurements of BrO in the
stratosphere were made in the souther: hemisphere dur-
ing the AAOE campaign of 1987 Brune et al., 1989a .
These observations showed that BrO mixing ratios within
the southern polar vortex. ranging from 3 to 7 ppty, were
somewhat enhanced compared to values found outside
the vortex. Complementary ground-based studies of BrO
and OCIO during the same season [Solomon et al., 1989]
provided additional strong evidence for occurrence of re-
action gl) as well as information regarding the impor-
tance of a long-lived reservoir of BrO at night. From the
slant-column measurements and a photochemical model,
a mixing ratio of = 7 pptv was derived for BrO, and it
was concluded that photolysis of BrONQ; in the morning
twilight was more consistent with the observations than
was photolysis of BrCl, a species formed by yet another
channel of reaction (1),

ClO = BrO — BrCl + Oy, (1c)

which represents about 10% of the overall reaction in lab-
oratory studies 'Toohey and Anderson. 1988; Friedl and
Sander, 1989]. The ER-2-based observations, which were
carried out in daylight, were unable to address this pho-
tochemical issue. However, they did demonstrate that a
significant fraction (~ 20%) of the ozone depletion ob-
served over Antarctica in 1987 was due to the catalytic
cvcle rate limited by the reaction of ClO with BrO An-
derson et al., 1989..

Several experiments were carried out in early 1988 to
examine bromine and chlorine within the arctic vortex.
Ground-based observations of QClO provided strong evi-
dence again for the presence of BrO and enhanced concen-
trations of ClO inside the vortex [Solomon et al., 1988,
while an in-situ study with the ER-2-based C10- BrO in-
strument detected evidence of perturbed halogen chem-
istry outside the vortex !Brune et al., 1988,

We report here the results of recent measurements of
BrO obtained during the AASE mission to the arctic
stratosphere in January and February of 1989. As in the
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companion paper that reports ClO observations [Brune
et al., this issue, a], we will focus on three of the four-
teen flights from Stavanger, Norway, across the Arctic
Circle that occurred over the period from January 3 to
February 10, 1989. In additiom, we will draw upon mea-
surements obtained on Decgmber 29, 1988, during a tran-
sit flight which passed over the continental United States.
These results will be compared to previous measurements
of BrO obtained over Antarctica and Canada in 1987 and
1988.

Experiment

The ClO-BrO instrument, which was mounted in a pod
on the left wing of the NASA ER-2 aircraft, has been de-
scribed in detail elsewhere [Brune et al., 1987b]. Detec-
tion of BrO is accomplished through addition of nitric ox-
ide to a flow of air which is decelerated to =~ 20 m s™! with
a double-ducted flow system. The reaction of BrO with
NO is greater than 95% complete within 10 to 15 ms at
the NO concentrations added (= 10'? molecules cm™?);
the bromine detection system is positioned approximately
25 ms downstream of the NO injector. Bromine atoms
formed by this reaction are then detected by resonance
fluorescence with a density-dependent sensitivity rang-
ing from = 107® cts s~ /(Br atom cm™?) at the highest
flight altitudes achieved, to = 3 x 1077 cts s™!/(Br atom
cm~?) at the minimum altitude the aircraft could sustain
to allow for sufficient signal averaging. For background
signals (which were also density dependent) of 5000 cts
s!, a detection limit of = (2-3) cts s~! was obtained
for signal averaging of one hour at most altitudes. Thus,
BrO mixing ratios of 6 pptv could be detected with typ-
ical signal-to-noise ratios of 3 to 5.

The bromine lamp employved for the first half of the
campaign was the same lamp as that used during the
AAOE flights. the February flight series based at Moffett
Field 'Brune et al., 1988[, and all test flights. This system
has been calibrated at {our separate instances. Both the
absolute calibration (when scaled to the total background

signal at an air density of 2.6 x 10'® molecules cm™?) and
the pressure dependence have varied less than 10% over
more than 200 hours of operation in the stratosphere and
in the laboratory. Calibrations used the rapid reaction
of a measured amount of chlorine atoms with molecular
bromine, and is described elsewhere [Brune et al., 1989a,.

After the flight of January 30, 1989, this lamp was
removed. The replacement lamp was calibrated after
the flight series, and concentrations of bromine measured
with this lamp over the last seven flights of the car: paign
were in good agreemnent with values observed during the
first half of the flight series. Therefore, although the labo-
ratory calibrations for the two lamps were different, there
appears to be no significant systematic difference between
bromine concentrations determined with the two systems.

Upon addition of nitric oxide to convert BrO to Br
there is a small absorption of the background nonres-
onant scatter. By reproducing flight conditions in the
laboratory, this correction to the bromine signal has been
measured to be smaller than 107!7 ¢cm? (molecule NO)~!
for the lamps employed in these flights. In practice, ac-
counting for this absorption leads to a positive offset of
less than 1.5 pptv. Overall, it is estimated that the un-
certainty in the BrO calibration is =35% at the 20 con-
fidence level.

Observations

A tvpical ER-2 flight track consisted of a rapid ascent
to maximum altitude, a hold at some potential tempera-
ture between 440 and 470 K while flying up the Norwe-

gian coast and then toward Spitzhergen, a turn-around at
approximately local noon with a dive for a vertical scan,
and finally a return leg at a different potential tempera-
ture back to Stavanger. These flight tracks were similar
to those employed out of Punta Arenas, Chile, during the
AAOE mission [Tuck et al., 1989]. We have selected three
flights that illustr.te key features of the bromine obser-
vations that were evident on most of the fourteen Rights.
Taken together, the flights of January 6, January 16, and
February 10, sampled both inner- and outer-vortex air,
and sampled inner-vortex air that was both illuminated
and in total darkness. In addition, these flights, which
span the entire series, serve to define the temporal evo-
lution of BrO during the mission.

The BrO measurements for three flights appear in Fig-
ures 1 through 3, overlaid by the measurements of ClO.
While these latter measuremerts are described in detail
elsewhere [Brune et al., this issue, a}, there are some im-
portant points that deserve review here. First, through-
out the mission, every flight into the polar vortex revealed
highly perturbed concentrations of ClO. Clearly, a sig-
nificant fraction of the vortex air had been processed by
polar stratospheric clouds (PSCs), at least at altitudes
accessible to the ER-2. Both ClO and BrO are sensi-
tive to concentrations of NO;, which were significantly
depleted within the vortex [Fahey et al., this issue]. The
observations of high concentrations of ClQ in air that has
been in total darkness for at least 20 hours leads to the
conclusion that a considerable fraction of C1O was bound
up in a form other than CIONO,. It is likely that the
less stable species CIOOCI represents the major night-
time reservoir of Cl0. Finally, as the mission progressed,
the mixing ratios of ClO rose from several hundred pptv
to over 1100 pptv by February 10. This increase was most
likely due to increasing solar illumination with continued
processing of air by PSCs.

The results for the first fAight to encounter highiv per-
turbed ClO, on January 6, appear in Figure 1. The po-
tential temperature and solar zenith angles (SZA) for the
entire flight track are shown by Brune et al. ‘this issue,
ai. Interestingly, BrO was highest where ClO was low,
and there was no BrO where ClO was highly perturbed.
However, upon consideration of the SZA, we note that
regions in which no BrO was observed were at very high
angles, in this flight greater than 92°. Inversely, por-
tions of the January 6 flight where BrO mixing ratios
were high occurred where the ClO was low. The mixing
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Fig. 1. Overlay of BrO and ClO mixing ratios for the
flight of January 6, 1989. Horizontal bars represent time
over which signal was averaged to obtain the 1o statistical
uncertainties represented as vertical bars. Numbers indi-
cate solar zenith angles corresponding to various positions
along the flight track. ClO axis units are unspecified.
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ratio of BrQ was 8.54 1.2 pptv along the outbound leg.
which was flown at a potential ter rature of 475 K. and
3.5=2 pptv along the inbound leg flown at 413 K. Even at
this early stage in the flight series these BrO values were
greater than vilues obsetved at comparable altitudes at
midlatitudes and were similar to values observed within
the antarctic vortex [Brﬁne et al., 19%9a;. Although CIO
mixing ratios were relatively low at the start and the end
of the flight. these outer-vortex values (25 pptv) were still
considerably larger than values measured at midlatitudes
at comparable altitudes and SZA [Brune et al., this is-
sue, b, and thus represent a perturbation from typical
midlatitude values.

The results obtained on January 16 were similar to
those of January 6, and are shown in Figurc 2. The mix-
ing ratios of Cl10 were highly perturbed throughout the
entire flight. while the behavior of BrO was identical to
that for the flight of January 6. Once again, no BrO was
observed at SZA greater than 92° and BrO values in sun-
light were moderately high, even at a potential tempera-
ture of 400 K on the inbound leg. Within the statistical
uncertainties of the measuremen:- {typically =1.5 pptv),
at no time during any flight was BrO observed at solar
zenith angles greater than 94°. At SZA greater than 90°,
photolysis rates of BrONO, and BrCl decrease rapidly as
the sun approaches the horizon (which is near 94° SZA
at maximum ER-2 flight altitudes) [Solomon et al., 1989}
Thus. in darkness, BrO was likely sequestered in BrONO;
or BrCl. or both. These observations also indicate that
destruction of ozone by the cataivtic cycle rate limited
bv the BrO — ClO reaction was terminated in cdarkness.
even though ClO remained at moderate concentrations.
In addition. the observations of zero BrO are imporiant
because thev add confidence that the small ofiset due to
absorption bv NO 1s valid.

Results of the iast arctic flight of the AASE camipaign,
on Februarv 10. are summarized in Figure 3. The ER-2
flew over Iceland and Greenland staving in sunlight for
the entire flight. Here, both the BrO and the ClO profiles
strongly resemble those obtained over Antarctica ‘Brune
et al., 1989a;. Within the arctic vortex the BrO mixing
ratio was 8= 2 pptv at 470 K. However, values outside
the vortex were low (1-4 pptv), similar 1o those observed
at midlatitudes. The mixing ratios of ClO early in the
outbound leg and late in the return leg were the lowest
values measured in sunlight during the latter half of the
campaign. Indeed. meteorolngical analysis indicated that
this outer-vortex air was drawn from significantly lower
latitudes than earlier in the mission (D. S. McKenna,
personal communication, 1989).

F Jﬁﬂ\ I

BiO (pptv)
}
-
Lt

o~ - HJ T\ -
- - . Wy
B i
] T | )
N L e e Tt e
, ,
8 9 10 1 12 3 4 15

Universal Time (rours)

Fig. 2. Overlay of BrO and ClIO mixing ratios for the
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Fig. 3. Overlay of BrO and ClO mixing ratios for the
flight of February 10, 1989. Data are represented as de-
scribed in Figure 1 caption.

Near the end of the campaign, a number of measure-
ments within sunlit portions of the vortex vielded values
of 6 to 8 pptv (independent of SZA when SZA was less
than 90°), while measurements obtained when ClO mix-
ing ratios were observed to be low yielded values of 2
to 4 pptv. To highlight these differences, and also to
compare to the measurements of BrO from over Antarc-
tica, we piot the measurements as a function of potential
temperature in Figure 4. Data obtained in air that had
ClO mixing ratios typical of those found at midlatitudes
are plotted as open symbols. Also included are data from
the transit flight of December 29. 1988, which passed over
the continental United States. There was indeed BrO en-
hancement within the two vortices, but much less than
corresponding enhancements of ClO. BrO mixing ratios
within the vortex were about twice as large as values
at midlatitudes. This is consistent with the notion that
BrO represents a major inorganic bromine species and
reaches a maximum value with only a swmall reduction in
NO; concentration.

Although there was a slight increase in mixing ratios
of BrO over the course of the flight series. more likely
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Fig. 4. Observed BrO mixing ratios for a number of
flights as a function of potential temperature. Circles are
from AASE flights, inner-vortex values represented by
closed circles. x represent values from antarctic observa-
tions of Brune et al. [1989a], squares are from February
13, 1988, a flight over Canada ‘Brune et al., 1988 , and
triangles are from the transit flight of Decembier 29, 1988,
which passed over the continentai US at midday. Dashed
lines are for emphasis only.
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this was due to the ability of the aircraft to reach higher
potential temperatures as the vortex warmed than to
any real temporal trend in the total burden of inorganic
bromine or in its partitioning. While ClO concentrations
rose markedly (asSolar zentth angles decreased), BrO
mixing ratios at a fixed potential temperature in sunlight
remained fairly constant oveF the six-week period. This is
consistent with observations from over Antarctica [Brune
et al., 1989aj. [f the partitioning of bromine was per-
turbed. as suggested by the significant perturbation in
ClO, the burden of inorganic bromine in the stratosphere
likely does not exceed 10 to 15 pptv, in contrast to a re-
cent far-infrared emission mearurements at midlatitudes
which found 25 pptv of HBr [Park et al., 19891, H..wever,
a strong conclusion cansn . be drawn until we know the
details of heterogeneous reactions of HBr and BrONO,
on PSC particles.

We can use the simultaneous me: . rements of BrQ and
ClO to estimate the rate of ozone los. due to reaction (1).
Using a value of 1 part per billion of ClO in sunlight, con-
sistent with the observations late in the mission, a rate of
roughly 6 x 10° s7! is derived for ozone loss. or equiva-
lently, 0.53% each 12 hours of solar illumination. This loss
rate is comparable to that observed within the Antarctic
Ozone Hole. Therefore, should the arctic vortex remain
stable into springtime, the interaction of bromine and
chlorine could represent a significant sink for ozone in
the arctic stratosphere.

Summary

Mixing ratios of BrO observed within the arctic lower
stratosphere during daylight in January and February of
1989 were found to be enhanced by a factor of 2 over val-
ues normally found at midlatitudes. These observations
are similar to “hnse made over Antarctica in September,
1987, Values as large as 8 =2 pptv were onserved late
into the mission when more than a part per billion of
ClO was measured. Within the statistical significance of
the measurement. no BrQ was observed at anv time in
compiete darkness. irdicating *hat BrQ was 'ied up at
night in long-lived reservoirs, most likely BrONO, and
BrCl. These observations demonstrate the potential for
significant loss of ozone, especially if vortex air masses
were ‘o experience significant solar illumination.
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The Potential for Ozone Depletion in the
- Arctic Polar Stratosphere

W. H. BRUNE, J. G. ANDERSON, D. W. TooHEY, D. W. FaHEY, S. R. Kawa,
R. L. Jongs, D. S. McKexNa, L. R. PoOLE

The nature of the Arctic polar stratosphere is observed to
be similar in many respects to that of the Antarctic polar
stratosphere, where an ozone hole has been identified.
Most of the available chlorine (HCIl and CIONQ,) was
converted by reactions on polar stratospheric clouds to
reactive ClO and Cl,0, throughout the Arctic polar
vortex before midwinter. Reactive nitrogen was convert-
ed to HNO;, and some, with spatial inhomogeneity, fell
out of the stratosphere. These chemical changes ensured
characteristic ozone losses of 10 to 15% at altitudes inside
the polar vortex where polar stratospheric clouds had
occurred. These local losses can translate into 5 to 8%
losses in the vertical column abundance of ozone. As the
amount of stratospheric chlorine inevitably increases by
50% over the next two decades, ozone losses recognizable
as an ozone hole mav well appear.

HE SPECTACULA® LOSS OF STRATOSPHERIC O; IN THE

Antarcue Oy hoie results primariiv from halogen-cataivzed

chemisery in air parcels that have been exposed to low
temperatures (7). Most of the chlorine compounds involved have
cmc.ed the stratosphere after having been released as anthropogenic
chlorofluorocarbons at the surtace of Earth. Because the increasing
loss of O, over Anrtarctca during the last decade has bec:. linked 1n
part to the corresponding increase in the abundance of stratospheric
chlorine and because this chlorine abundancs will continue to
increase into the Siture, we need to know how susceptible the rest
of the stratosphere is to this destructive chemistry.

The Arctic stratosphere is in many wavs similar to the Antarcuc
stratosphere, but Oy loss in the Arctic on the scale of that over
Antarcuca has not been observed. Yet a downward trend in the O,
vertical column abundances of —2% per decade has been detected
for e Northern Hemisphere ar latitudes greater than 30°N in
wintertime 12). At least part of this trend mav bc related to O losses
in the lower suatosphcrc of the Arcuc that result from the increasing
amounts of chlorine in the atmosphere. In this article, we examine
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the chemical state of the Arctic lower stratosphere in winterume by
analyzing data obtained in January and February 1989 during the
Airborne Arctc Stratospheric Experiment (AASE) (3) and bv
comparing data from this experiment to data obtained in the
Antarctic C; hole in 1987. We do not discuss the role of chlorine
chemistry in the observed Oj decline during the winterume in the
Northern Hemisphere, because the number of unresolved issues
makes quantitative calculations difficule. Instead, we focus on the
question: Will an O hole thit is similar := the Antarctic O, hole
form over the Arcuc?

Mechanisms for O3 Loss over Antarctica

Before we can consider the potential for O loss in the Arcric, we
must understand the mechanisms for Q5 loss that 32 accurring over
Antarctica (44, The pnmary mechanism for O. wos: 11 Lie Antarcic

stratosphers is the rapid. Cataivtic shotocnemica Zzstruction of O
by chlorine and dromune. These reactions :nvo e e chionine
moncxide CiO: and bromine monoxde BrD  -igicals. The pri-

mary reaction seguence ‘51 s:
ClO = CIO + M —~ Ci,0, -~ M
Cl;0; + sunlight — Cl = CI00
CIOC+M—-Cl+ 0, - M

2(Cl + O3 - CiO -~ Q-

where M is molecular nitrogen and oxvgen. This rzaction sequence
involves ClO alone, but a second important seque:ie :nvolves BrO
as well (6):

ClO = BrO — C! + Br ~ O-
Cl*O;—»CiOA-O;
Br + O3 — BrO +~ O,

Other reaction sequences contribute. but these =40 ire thought to
dominate in the springtime polar regions . 32t mechanisms
require sunlight in the near-ultraviolet to visibie tam 3t <he spec-
rrum. because at mught CiO recombines to form Cl.. 3. wnich is not

reacuve toward Oy, and BrO reacts o form BrC.l The
ioss of Oy s greatest when the eXposure o U277 s (ONZEST, At
fower laurudes and later in the spring

These mechanisms can be the cause of the nose™ 22 (3, 1085 over
Antarcuca onlv if two conditions are mer, The arst conainon o, fnat



ClO and Cl,0, abundances must be a large purt -t the available
chlorine (7) abundances of 2000 to 3000 parrs ~cr trillion by
volume (pptv = 107'2) in air and the BrO abundances must be a
large part of the available bromine abundances of 15 to 20 pprv.
When the ClO and BrO abundances exceed 1200 and 5 pptv,
respectively, these mechanisms are sufficient to explain the observed
rate of O destruction, which ipproaches 2% per dav of the initial
O;. However, this rate of Oj; less must be maintained tor more than
1 month in the springtime sun to account for the observed cumu-
lative O loss. Thus, a second condition for halogen photochemistry
to be responsible requires that ClO and BrO have large abundances
tor at least a month in the spring.

For the sccond condition to be satsfied, the atffected air parcel
must have most of its NO,_ (NO, is the sum of NO, NO,, and
N,O;) removed. If NO_ is present in the air parcel, then chlorine

can be shifted from reactive forms back into the reservoir forms,,

CIONO, and HCl, by the reactions:
ClO + NO; + M — CIONO> + M
and

ClO + NO — Cl + NO,
Cl + CH, — HCl + CHj

The formation of CIONQ, takes only a few hours if enough NO, is
available, and the formation of HCl takes somewhat longer, at least
weeks or months (8). Similar reactions occur with bromine.

The stratospheric abundance of toal reactive nitrogen, called
NO, (9), is 4,000 to 15,000 ppev (10), and HNOQ; is the largest part
throughout much of the lower stratosphere. However, enough is in
the form of NO_ that the halogens are maintained in their reservoir
forms, HCl and CIONQ,. Even if all NO_ were shutted into HNO;,
it would be reformed whea HNO; was 2xposed o uitravioler
sunlight:

HNO; + ultraviolet sunlight — OH - NO,

Thus process takes weeks to months in the springtims 2olar regions
because the ultraviolet light is rapidly artenuared through the large
air mass present at low sun clevation angles, but some photolysis
does occur (11). For large. cumulative O; losses. zither reacuve
nitrogen must be continually shifted back into HNO; approximare-
lv everv week or reactive nitrogen must be removed from the air
parcel. Both of these processes are accomplished by heterogeneous
reactions of chlorine and reactive nitrogen with polar stratospheric
cloud particles (12).

Polar stratospheric clouds (PSCs) form below an aldtude of ~25
km when sufficient water vapor and reactive nitrogen are exposed to
the low temperatures of the polar winters (13). At temperatures
lower than about —78°C, about 4° to 7°C above the water vapor
trost point, water vapor and HNO; cocondense as HNO; - 3H,0
on background sulfate acrosol particles (14). As temperarures fall
below the water vapor trost point, PSC particles mav also grow by
the condensation of water vapor {15). The conversion of chiorine
occurs within a few hours of exposure to PSCs, mainly by the
reaction of CIONO, with HCI that is adsorbed onto PSCs:

CIONOz s, + HClisopid) = HNO3000) + Claigas)

Only 1 few hours of sunlight are required to convert Cl; to chlorine
atoms. At the same dme, any N,Os, the nighttime reservoir for
NO,, is rapidly incorporated as HNO; on the PSC parucles (16).

These PSC particles mav grow large enough to fall to lower
dgtudes 4 tew davs if HNOj; and H,O cocondense on oniv a few
of che background iercsol parucles or if HINO; condenses on ice
particles +17). HNO; may also condense on ice parucies that have
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fallen from higher altitudes (18). In all three mechanisms, reactive
nitrogen is actually removed from one regici- of the stratosphere and
deposited in another lower region of the atmosphere, a process
called denitrification. The Antarcric stratosphere is sufficiendy cold
over the entire depth of the lower stratosphere that ~80% of the
reactive nitrogen and a large part of the water vapor were removed
from the stratosphere in 1987 (19).

As a result of all these processes, an encounter of an air parcel with
PSCs (Fig. 1) produces large abundances of reactive chlorine that
begin to rapidly destrov Oj. It also produces negligible abundances
of NO,, and possibly reduced abundances of NO,. [f all the reactive
nitrogen were removed, then the catalvtic destruction of O; could
contnue without hindrance unal these air parcels were mixed with
other air conraining reactive nitrogen.

Air parcels thut have been exposed to PSCs must remain relatively

‘isolated from mid-latitude air that contains NO,, in order to maintain

the large abundances of CIO and BrO. The wintertime polar vortex,
which is a pattern of high-speed, circumpolar winds, establishes the
necessary isolation. Over Antarctica, the polar vortex begins torming
in April or May and remains intact unul October or November. It
then breaks up (20}, and the polar air and mid-latitude air mix.

The rapid reduction of O; is observed in the Antarcuic strato-
sphere until the middle of October, a month past the spring
equinox. Elevared abundances of ClO and BrO that cause this rapid
O; loss are maintained by occasional exposure to PSCs thar persist
into earlv October (27). Because ClO abundances were observed to
be enhanced in the Anrarctic stratosphere beginning in mid-August
(22) and may have been enhanced even eartier, O; could be almost
completely removed from the lower stratosphere (14 to 24 km) by
mid-October, as was observed (23). The removal of O; between
these altitudes resulted in a one-half to two-thirds reduction of the
toral vertical column abundance or O;.

The region of greatest Oy destruction does not 2ll the entire
Antarctic polar vortex. which extends ro ‘atitudes as far nor s
55°S, but instead is restrnicted to regions near or directiv over the

Clavailatle -

ClO+C1;0,

0 2 3
Time after PSC avent (weeks)

Fig. 1. Diagram illustrating how PSCs and sunlight ater the abundances of
trace gases and O in the polar vortex. Dorted lines indicate the avaiiable
chiorine, reactive nitrogen, and initial 0Oj; the solid lines ‘ndicate reactive
chlorine (C!O and Cl,0,), HNO;, and O;. Ozone is rapudly destroved by
reactive chlorine after all available chlorine becomes reactive chiorine C.O
and Cl,0,) by heterogencous reactions on PSCs. NO, s reduced bv
denitrificauon, and HSIO, becomes the maior component of NO. bv
heterogencous reactions. When the PSCs evaporate, HNO; again becomes
gaseous and is slowly photolyzed into NO., which reduces reactive chlonne.
The nme constants for these processes are hours to davs tar the conversion
of chlorne 1nd reactive nitrogen, days t0 weeks tor denitrincation, and weeks
tor gas-phase photochemistry.



Antarctic cot: -ent itself (20). This region of rapid Oy loss is called
the “chemically perturbed region™ (CPR). Although the CPR must
be relatively isolated from the rest of the vortex, some exchange
occurs. As a result of this exchange and the occasional formation of
PSCs outside the CPR, some small O, loss due to enhanced chlorine
caralysis does occur outside the CPR. Thus enhanced Oj loss occurs
throughout the polar vortex Tt is greatesc inside the CPR.

Observations in the Arctic Stratosphere in
Early 1989

The formation of PSCs at low temperatures is the first step leading
to the chlorine-catalyzed destruction of O;. The minimum temper-
arures in the Arctic stratosphere are almost always higher than the
maximwn temperatures in the Antarctic stratosphere for the same
season (24). As a result, fewer and less frequent PSCs are formed
over the Arctic. Secondly, the Arctic vortex (Fig. 2) is smaller, more
asvmmetric, and less stable than the Antarctic vortex, sometimes
breaking up in midwinter, and usually warming above remperatures
for the formation of PSCs in February, a month before the spring
equinox (25). Because the initation of the halogen-catalyzed de-
struction of Oy is so dependent on the presence of PSCs, these
differences in the mereoralogy (26) provide a simple qualitative
picture for the differences in the observed loss in the O vertical
column abundances in the two polar regions.

The temperatures in the Arctic stratosphere in January 1989 were
the lowest in the last 26 vears (27), although the February temper-
atures rose rapidly, and the presence of widespread PSCs is well
documented (28). Indeed. observations by instruments flown on
NASA aircraft during the AASE in Januarv and February 1989

verif that the Arctie polar vortex was primed tor Oy destruction
Tiz. 3. 29 The <ev messurements tor understanding the potenual
“or O+ loss are the abundances of CIO ard BrO. whieh dictate the
rate of O, ioss. ané *he aoundances of NG and NO . waien, by
onoling ClO and BrO. wietate the towal amount of Oy i0ss.

T‘u most dramatic change observed over this period was the
change in the ClO abundams which rose from relatively small
values + <30 ppovy ourtside the polar vortex to as high as 1130 pprv
inside (Fig. 3C). The sharp edges in CIO comcxdc with the
boundarv of the polar vortex at — 70°N, and on the return a sharp
spike in the ClO abundance at 69°N is evidence that part of the
vortex had split off, as is constantly occurring. These large observed
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the 460 K potennai rempera-
rure surtace 391, Unilike the
boundany for the Antarcuc
poiar VOrtex, which s much
arger tharn s CPRO the
boundarv ror the Arcric polar
vortex  comcides  with  the
boundarv tor s CPR. Thus
the heavy line that encircles
the polar vortex aiso encircies
the region contining in-
creased amounts of reacuve
chionine and reduced amounts
it NO L. Note the drear extent,
wiuch 1s about hait ot the size
ot e Antarcoe CPRC and distortion,
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abundances of ClO indicate that chlorine had been extensivelv
shifted from HCI and CIONO; into ClO and Cl,0,. '

The decrease in ClO abundances farther into the vortex reflected
the increase in solar zenith angle {SZA) to 94°, so that more of the
ClO was in the nighttime reservoir, which is C1,0, when the NO,
abundance is low. Some ClO remained, however, even after the air
parcel containing it had been in darkness for 24 hours because
thermal equilibrium was established berween ClO and CIL,O, (30,
To determine what fraction of chlorine had been shifted from
reservolr to reactive torms, we need to know the abundarnces of CIO
and Cl.O,. Only ClO was measured, but we can determine the
abundances of Cl,0; from the thermal equilibrium that it establish-
es with the measured ClO abundarces in darkness. The results of
this analvsis (Fig. 4), and other analyses (37), show that inside the
Arctic polar vortex, away from the edge, essentially all of the
available chlorine was shifted to reactive forms between the potential
temperatures of 390 and 470 K (approximately 16 and 20 km;. The
observations of elevated amounts of reactive chlorine as earlv as 6
January indicate that some enhanced chemical destruction ot"O3 by
chlorine and bromine began before midwinte:, 2 months before the
SprNg equinox.

The BrO abundance (not shown in Fig. 3) (32) increased from 2
to 5 pptv outside the vortex to twpically 4 to 8 pprv in the sunlit
(SZA < 93°) part of the vortex, altnOUOh individual measurements
as large as 14 pptv were recorded durmcY the flight of 8 February.
The changc in BrO ts less dramatic than thc chang* in ClO because
the total abundance of bromine in the stratosphere is smaller (~135
to 20 pptv) and bromine chemistry causes ~350% of bromiie to
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reside as BrO even at midlantudes.

The reactive nitrog 1 trace gases were also altered inside the
Arcric polar vortex . The NO, abundances (Fig. 3D, solid line) show
variability and structure observed during this and other flights.
Abundances range from 2,000 to 14,000 ppev. Although some of
this variability is associated “Widi sampling of air parcels from
different altitudes and trajegtories, some is associated with the
spatially inhomogeneous removal of NO,, by aerosol sedimentation,
or denitrification. Denitrification was observed to varv from 0 to
80% (Fig. 3D). Partial denitrification was aobserved on many flights,
although only a licle NO, removal was observed in early January,
and removal became more pronounced in late January and early
February. However, unlike the Antarctic polar vortex, where deni-
wrification is accompanied by intense dehydradon, the Arctic polar
vortex, at ER-2 aircraft flight levels, experienced partial denitrifica-
gon and only slight dehydration (33).

The measured abundances of NO (not shown) (34) were near the
detection level of the instrument (15 to 20 pprv) inside the Arctic
polar vortex. They only provide confirmation that NO, was deplet-
ed inside the polar vortex. Just outside the vortex, the abundances of
NO were lower than predicred by photochemical models and may
have been affected by either the shedding of vortex air or reactions
on particles that occurred outside the vortex.

A comparison of data taken with the same instruments over the
Arctic during the AASE in 1989 and over Antarcuca during the
Airborne Antarcuc Ozone Experiment (AAOE) in 1987 shows that
(Fig. 5) the ClO abundances reached ~1200 pprv in both CPRs,
but highly enhanced CIO abundances were distribured over a
slightly greater depth over Anrarctica. An analysis of these ClO
measuremnents indicates that ClIO and Cl,O, comprise more than
80% of the available chlorine for 10 February in the Arcuc berween
the potenual temperatures ~<10 and <70 K. and more than 60%
‘or the Antarctic between 380 ind +60 K. The BrO abundances
varied from + ppry ar the 420 K potenuai temperarure surface to 8
potv at 460 K inside both CPRs. The NO abundances «not shown;
were small + <20 pprv) inside 2oth CPRs.

A striking difference berween the Arcuc and Antarctic was
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Fig. 4. Calculated roral reacuive chlorine 1CiIO = 2 x Cl,O,) plorted against

potenuiai temperature tor tour Arcuc thghts. Cl,,, avatlable) is the availabic
chionne estimated from the measurements of Hewdt 1481, For data obrained
after 6 January, most of the available chlonne was converted into reactive
0 and Cl,O5 1n the interior of the polar vorzex. Uncerte. inv 1 =loin the
slcwations 1s a facror of 20 Alurudes are oniy approxmate.
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observed for NO,. The CPR over Antarctica was heavily denitrified,
with 70 to 86% NO, removal consistendy observed, whereas on
average only 13% of the NO,, was removed above the 420 K surface
in the Arctic polar vortex. The average denitrification observed in
the Arctic polar vortex during three flights in carly February was
35%. However, the spati»! inhomogeneity of denitrification was 50
great {Fig. 3D) that 35% may not be representative of the entire
vortex. Another difference between the Antarctic and the Arcric
stratospheres is that NO, was completely removed from the straco-
sphere over Antarctica but on average settled only to lower ajiitudes
sull in the stratosphere over the Arctic (Fig. 5).

7

/

Assessment of O; Loss in the Arctic Polar
Vortex for 1989

Dara obtained in 1989 show that the most perturbed regions of
the Arctic polar vortex had the same potenual for O loss as the
Antarctic CPR. Ozone loss rates that were calculated from the
observed Arctic ClO and BrO abundances were 3 x 10° molecles
cm ™3 s~ ! berween altitudes of 16 and 20 km when the SZA was less
than 85°. This loss rate was abour 1.2% per day for mid-February at
70°N lattude. To translate these O; loss rates into cumulative O,
losses, we need to know the total exposure to sunlight, the frequency
of PSC events, and the rate at which NO_ was reintroduced either
by the photolysis of HNO; or by the mixing with mid-laticude air
that contains NO,.

To determine how the exposure to sunlight and variation in
temperature and pressure affect the O; loss in an air parcel that
remains inside the polar vortex, we used a photochemical box model
integrated forward in time along isencropic trajectories. A calcula-
tion for data taken during the fast light ot the AASE mission on 10
Februar serves as an example. Trajectories were computed with
winds and temperature fields anaivzed by the Ustted Kingdom
Merteorological Othce 334 tor 10 davs torward and backward in

480 -
g 460 / Arctic: ClO -/ NO, =/ 420
S 440} y N /,/ 9 Z
g / —y 17 Z
3 420 - = Br0 (x10) - L f 418 &
g << C T NOy - °
3 400 ¢ Y <17 F
] Lo 7 e =
g 380 - | 16
5 . T :
4 360 F Antarcticc CIO = NOy = 11
340 : < .
107 10? 10t

Trace gas mixing ratios {pptv}

Fig. 5. Comparison of Antarctic and Arctic 1in situ dara, taken during the
AAOE in 1987 and the AASE in 1989, respecuivelv. Arcuic dana are
represented by solid lines, Antarcric data by dashed lines. The dot-dash iine
represents the NO, mixing ratios for the Arctic, which are ~1000 ppev
smaller tor the Antarctic. All data have been averaged over the Highes except
for CIO over the Arctic. which are data only from a tlight on 10 February
1989. In relation to the spring equinox for the respective hemispheres. the
Arcnic mussion ended before the Antarcuic misston started. because the AASE
flights were trom 3 January to 10 February, whereas the AAOE Hights were
from 17 Augustto 22 September. Error bars are the varadihiey | = 1oy or the
results tor all the flights. The CiO abundances observed in the Antarcnic
vaned hictle from dight o flighr and were ven siniar 1o the CiC sbuncances
observed in the Arcric. The greater depth of the CiO distnbunior over e
Antarcnic than the Arcne resulted from the grearer range of sintudes over
which PSCs tormed. The Antarctic abundances ot NO | wich crror 2ars at
potenrial temperatures of +30 K and 370 K. had farge varaomn
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Fig. 6. Cualculated CiO muing rato variations and Q5 destruction for an air
g 3

paccel observed on 10 Febeuary 1989. The solid line shows the variaton of

CiO over 20 davs centered on 10 February: the doted line shows the
expected change 1n Oy for the same 20 days. The ClO abundance Jdepends
strongly on the laticude of the air parcel during solar illumination, and O; is
chemucallv destroved only during these sunlit pertods.

dme trom the aircratt locations on the morning of 10 February (36).
In order to match the levels of ClO and NO observed on 10
Februarv, the simulation was initialized on 31 Januarv with over

80% of the chlorine converted to CiO and Cl,O- and with 90% ot

the NO, removed.

During the 21-dav run (Fig. 6) beginning on 31 Januarv, the air
parcet circled the pole four times and had excursions in lattude from
80°N to 30°N. The assumption of extreme denitrification meane that
no PSCs were formed even though temperatures were occasionally
low enough for the formation of PSCs in the absence ot denitrifi-
cation. [t also meanc that the mixing ratio of ClO in suniight was
greater than 1000 ppov throughout the simulation. These high levels
ot ClO. coupnled with the wide swings to lower lattudes where the
1mount of sunlight was zreater, resulted insubstanual Oj loss dlong
the traectories.

The Jdeciine in O; was not uniform alon
the amount of sunnight redeived varied _J,'c;t,'.: The nerloss was 23%
in 29 cavs. and the average oss rate wwas 119 per dav. However. O,
losses of 2 to 3% per day were apparent on individual davs when air
parcels were at low laticudes because the vortex was distorted and
oblong. From these simulations, 70% of the O; loss was caused by
the »_atalmc cvcle involving Cl,O, and 20% was due to the catalvtic
cvcle involving both ClO and BrO (37). For this air parcel, O;
would conrtinue to decline until the reaction between Cl and CH,
retormed HCl or the air parcel was mixed with mid-tacitude air.

For other air parcels observed in the Arctc polar vortex, in which
more NO, remains, a competition develops between the rate of Oy
destruction by the ClO caralvtic cvcles and the rate of reintroduction
of NO_ by photolysis of HNOj;. To learn how the amount of NO,
remaining in the air parcel effects O loss in that air parcel, we use
a zero-dimensional model (40) to calculate the change in O; over a
21-dav period. We assume zonal flow burt perform the calculations
at four latitudes to examine the range of O losses encountered by an
air parcel that traverses a range ot l.mmda These calculations were
made for 10 January. We can determine the Oj; loss for other davs
bv noting that the solar declination (the angle that the direction to
the sun makes with the plane ot the equator) changed by - 3” frcm
10 January to 2 Februarv, and another §° by 18 February and
became 0° on 22 March. Thus, the calculated loss appropriate for
+5°N on 10 January was equivalent to that at 35°N on 18 February.
We also assume that, after a PSC event, all chlonne is inigallv in the
torm of ClO and Cl,O, and all the NO,, is in the form of HNO..
These assumptions of compiete chemical conversion by PSCs are
consistent with the observations and calculauons of the heteroge-
neous chemistry conversion rates.

2 Ine rrakectory beciuse
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For thewe - xrccls the fractional O loss (Fig 7} from an initial
Ojabund.: : .r 2.25 parts per mllhon by volume {(ppmv) in air is
initially greacest at the lowest latitudes, but, as NO, is reintroduced
into the air parcel from the photolysis of HNQ;, the greatest loss is
shitted to higher latirudes. The amount of xactive nitrogen remain-
ing tn an air parcel had the greatest etfect ac low laticudes and oniv
small effects ac the highest latitudes. In the northernmost air pacrels,
the photolysis of HINOj is so slight in January that O; loss proceeds
at a rate of ~0.4% pcr dav and the CO abundance decreases only

siighdy. Even higher losses ot O3 than shown are thus possible in .
such air parcels as they move >OLIth\\ ard into more intense sunligne.

In 1989, the air inside the Arctic polar vortex was located north
of 35°N for most of the ume until mid-February (39). Thus the
calculated O losses at 45°N to 35°N are representative of the O,
losses expected after a single encounter with PSCs. For the amournt
of denimification observed inside the Arctic polar vortex, 10 to 15%
of the O between 15 and 25 km would have been destroved in 14
davs atter an encounter with PSCs. The O loss atter I month 1s oniv
30 to 40% higher. so thar the value ar 14 days may be regarded as
a “characterisuc” Oj loss. These numbers aiso apply to almost the
entire polar vortex after mid-January. Air wiside the vortex probably
encountered PSCs more than once, and much of the chlorine and
reactive nitrogen were probably reininalized to ClO + Cl,0, and
HNOj;, respectively. Any O3 loss would have been cumulative.

Thcsc O; losses caleulated from the trajectory and simple photo-
chemical models are consistent with the trend in O3 amounts
observed during the AASE mission in 1989. Analvses of O dara
from 3 January to 10 February indicate a downward O; wend of
0.4% per dav (38), ora 15 = 10.5% loss over the 35 days ananzcd.
These analyses also agree with other model calculations of Oj ioss
that occurred during the mission (313,

“When the vortex breaks up, as it did in earlv March 1989, the
catzintic avcles of ClO can be curtailed by mixing ot polar air i
mud-tanrude air. One estumate 401 for the ume constant for s
miung process is 5 to 20 davs. From observations and calcuiarions.,
the air parcels remain chemicallvisolated from mud-rantude air wnile
thev erode and become totaliy muwed i the vertical dimension m
Thus. even in these eroding air parcels. the characterisuic Oy los
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Fractionat Oy loss

Fig. 7. Ladtudinal dependence of the fractional O; loss ar an aiticude or 18
km. The initial conditions include a temperature of 205 K, an alutude ot 18
km, an air densicv of 2.4 x 10" molecuies em ™3, an O; abundance of 2.3
ppmv 5.6 X 10'* molecules cm ™3, and a total chlorine abundance of 2000
pDr\' The lines are the calculared tragmom, O; loss thatoccurs 2, 7, 14, and
1 davs arter a 'SC event. 5ohd lines are tor an NO, sbundance 0 12.000
ppev, dashed lines are for 2.000 ppev. Cal culations for other ajtiudes
between 16 and 24 km give simiiar results. although the losses tor 16 xm are
about 0.5 of the losses at 18 km for the case with NO, or 2000 pprv.
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10 to 15% will occur before the parcels are completely mixed wich
mid-ladrude air.

Slower, additional O; loss will continue for weeks undl all the
chlorine is shifted from CIONQ, into the mid-ladrude partidoning
of CIONO, and HC!. This Oj; loss may in part be responsible for the
downward trend i1 the wineertime vertical column abundances of
O, in the Northern Hcmlsphcrc {2). Other contributions may come
from the mixing of the air parccls that are continually bcmg shed
from the Arctic polar vortex and from hctcrogcncous chemical
conversions on PSCs and background sulfate aerosols outside the
polar vortex. Because the heterogeneous chemical conversions may
not be complete in these air parcels that are alwavs outside the polar
vortex, the expected local O, loss would be less than thar calculated
for air parcels inside the Arctic polar vortex.

Depletdons of the vertical column abundance of O; inside the
Arctic polar vortex for 1989 are calculated to be 5 to 8%, based on
the characteristic local O losses of 10 to 15% berween 15 and 25
km. This number agrees with the result of another mode! caleulation
{41). Because PSCs were not observed after earlv Februarv, the
number of “cflective” cycles of a PSC encounter followed by 14
days of sunlight was probably one to two. This predicted loss in the
vertical column abundance of O; could not be identified in the
satellite data because of the dvnamic variability of 10 to 20% in the
vertical column abundance of O;.

The Potential for Large-Scale O3 Loss in the
Arctic

The Antarctic polar scratosphere has such widespread, persistent
cold regions that the exact derails of the formation and chemistry of
PSCs may not be ¢ssential for understanding the Oj; loss. The Arcuc
stratosphere, on the other hand, is often only marginaly cold
enough tor PSCs to form, although thev have been observed :n most

vears (13). As a result, 1 &omolc:e undcrstandma ot PSC formation
ind chemistry 15 required if we are to predict furure Oj loss. Ve do
not ver have this complete understanding and do not know :f the
Mdcsprcad large abundances ot ClO md BrO and the denitnica-
tion that were observed in 1989 also occur in vears during which the
winter temperatures are higher than in 1989 and the PSCs are less
prevalent.

For the current levels of stratospheric clorine and bromine, an
Arctic O loss can be substantial enough to be detected in the
vertical column abundance by satellites only if the Arctic polar
vortex is colder and more stable than the climarological average. The
increased and prolonged PSC activity produced by the extended
coider conditions would lead to greater denitrification and longer
isolation from midlatitude air, more like the Antarctic chemically
perturbed region, thus allowing the halogen mechanisms more time
to destroy Oj;. Such cold winters and springs do occur, as in 1975
to 1976 when stratospheric temperatures were below the PSC
formation temperature until early March (27), but they occur rarely.
Thus, O losses that are much larger than those already observed are
possible but not likely with current amounts of chlorine and
bromine.

The possibilitv of substantial O; loss in the Arctc polar vortex
will increase in the future, however, because stratospheric chlorine
will inevitably increase from ~3200 to ~5000 pptv in the :ext two
decades. Bromine may increase as well. Even toral international
compliance with a recent agreement to stop the producnon and use
of most chlorolucrocarbons and Halons by 2000 cannot preveut
these increases (42). As chlorine increases, the increased rate of
chlorine-induced Oj destruction will cause more O; to be lost
during the liferime of the polar vortex. Also, the effectveness of
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reactive nitrogen for slowing halogen-induced O, loss will be
diminished as the abundance of chlorine approaches that of reactive
nitrogen. As a result, the destruction of Oy by chlorine wilf increase
by a factor of 1.5 to 2, and losses in the vcrtical column abundances
inside the Arctic polar vortex may become 10 to 20% by the year
2010. These estimates are based on the assumpnons that climate will
not change radicallv and that we can estimate the fucure increases in
other stratospheric gases by projecting the current rates of change. If
climate does change in response to the increases in greenhouse gases
such as CO, and CH,, then the lower stratosphere would be
expected to cool. Lower temperatures will lead to more frequent and
widespread PSCs, which ultimately will lead to even greater O,
destruction. Thus, an Arctic O; hole, smaller and less intense than
the Antarctic O; hole, is possible in the near furure.

The potenual for substantial O; depletion in the Arctic polar
stratosphere no longer depends simply on atmospheric dynamics. It
also tncreasingly depends on the international policies that govern
the use of long-lived chlorine and bromine compounds and that
moderate the anthropogenic cffects on climate.
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